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Abstract In water-limited ecosystems, small rainfall
events can have dramatic impacts on microbial
activity and soil nutrient pools. Plant community
phenology and life span also affect soil resources by
determining the timing and quantity of plant nutrient
uptake, storage, and release. Using the replacement of
C3–C4 perennial grasses by the invasive annual grass
Bromus tectorum as a case study, we investigated the
influence of phenology and life span on pulse
responses and sizes of soil carbon (C) and nitrogen
(N) pools. We hypothesized that available and
microbial C and N would respond to small rainfall
events and that B. tectorum invasion would increase
soil C and N pools by reducing inter-annual plant C and
N storage and alter seasonal pool dynamics by changing
the timing of plant uptake and litter inputs.We tested our
hypotheses by simulating small rainfall events in B.
tectorum and perennial grass communities three times
during the growing season. Microbial pools responded
strongly to soil moisture and simulated rainfall events,
but labile C and N pools were affected weakly or not at
all. All pools were larger beneath B. tectorum than
perennial grasses. Soil C and N pools increased after
senescence in both communities. Our results suggest
that transforming a perennial into a B. tectorum
dominated community increases the overall size of soil
C and N pools by decreasing plant C and N storage
and changes seasonal pool dynamics by altering
dominant plant phenology. Our results indicate strong
roles for water, life span and phenology in controlling
soil C and N pools and begin to elucidate the
biogeochemical effects of altering plant community
phenology and life span.
Keywords Inorganic nitrogen . Dissolved organic
carbon and nitrogen .Microbial biomass .
Pulse dynamics
Introduction
In semi-arid ecosystems, soil carbon (C) and nitrogen
(N) pools and fluxes fluctuate through time with
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rainfall events (Noy-Meir 1973, Schwinning and Sala
2004, Collins et al. 2008) and seasonal changes in
plant and microbial activity (Jackson et al. 1988,
Wedin and Tilman 1990, James et al. 2006). Rainfall
induced “pulses” of resource availability stem from
the reduction or alleviation of water limitation of plant
and microbial processes, which increases C and N
mineralization, mineral N pools, and nutrient supply
to plant roots (Nye and Tinker 1977, Cui and
Caldwell 1997, Austin et al. 2004, Huxman et al.
2004, Ford et al. 2007). Rainfall events may also
increase labile C and N pools by leaching soluble C
and N from litter (Cleveland et al. 2004), disrupting
soil aggregates (Lundquist et al. 1999, Austin et al.
2004), or releasing nutrients from microbial biomass
(from dead cells, cell lysis, and/or release of soluble
compounds from live cells; Bottner 1985, Halverson
et al. 2000, Fierer and Schimel 2003, Austin et al.
2004). Even small events may stimulate resource
pulses: three millimeter events may support microbial
activity and only slightly larger events can stimulate
plant nutrient uptake and photosynthesis (Sala and
Lauenroth 1982, Schwinning and Sala 2004).
Plant community phenology and life span (i.e.,
annual, biennial, or perennial) also control soil C and
N pools and fluxes by determining the timing and
quantity of nutrient uptake, storage, and release (Cui
and Caldwell 1997, Jackson et al. 1988, Hodge et al.
1999, James et al. 2006). These processes further
impact soil C and N by affecting microbial processes
(e.g., mineralization and immobilization) via changes
in microbial substrate availability (Woodmansee and
Duncan 1980, Rickard 1985a, Jackson et al. 1988,
Wedin and Tilman 1990, Hart et al. 1993). It follows
that, in conjunction with water availability, the
phenology and life span of the dominant species in a
plant community should exert substantial control on
available soil C and N pools.
Bromus tectorum (cheatgrass) invasion provides a
unique opportunity to investigate how changing the
phenology and life span of the dominant plant species
influences the availability of limiting soil resources. A
successful and damaging exotic C3 annual grass in the
semi-arid western U.S., B. tectorum has recently
invaded the low elevation foothills of Colorado’s
Front Range (Mack 1981, Mack 1986, Brown and
Rowe 2007, Adair 2005). Here, B. tectorum replaces
native perennial C3 and C4 grasses, effectively
altering the phenology and life span of the dominant
species by (1) changing the timing of senescence from
mid to late summer (perennial C3 and C4 grasses;
Singh et al. 1983) to early summer (B. tectorum;
Hulbert 1955, Ogle and Reiners 2003) and (2) altering
the intra-annual storage of plant C and nutrients:
perennial grasses store C and nutrients in root systems
between growing seasons (Clark and Woodmansee
1992, Ogle and Reiners 2003), while B. tectorum
returns all biomass to the soil each year (Rickard
1985b). Such alterations should impact not only soil
pools of C and N, but also microbial processes;
senescence in annual grasslands results in higher net
N mineralization than in perennial grasslands because
all vegetation turns over annually (Rickard 1985a,
Wedin and Tilman 1990). Thus, B. tectorum invasion
should alter both the timing of soil resource uptake
and the timing and quantity of litter inputs, with
cascading effects for microbial communities.
Despite such substantial changes, the overall effect
of B. tectorum invasion on soil C and N remains
unclear: soils been found to have lower, higher, and
similar levels of N and C beneath B. tectorum versus
perennial grasses (Bolton et al. 1990, Bolton et al.
1993, Evans et al. 2001, Booth et al. 2003b). These
mixed results may be because most B. tectorum
studies consist of single point, short-term, or labora-
tory measurements that do not incorporate daily and
seasonal variation in abiotic conditions and plant
activity. Because replacing perennial grasses with B.
tectorum likely changes both the overall sizes of
available soil C and N pools by changing life span
(and thus the intra-annual storage of C and N in plant
biomass) and the seasonal dynamics of these pools by
changing phenology, examining how nutrient pools
beneath these plant communities interact with time
may shed light on these disparate results.
Our goals were to investigate the effects of water,
phenology, and life span on soil pools of available
and microbial C and N and provide critical informa-
tion regarding the biogeochemical impact of B.
tectorum. We expected that available and microbial
C and N pools would be responsive to small rainfall
events and that B. tectorum invasion would signifi-
cantly impact overall and seasonal sizes of available
soil resource pools. Specifically, we predicted that: (1)
given the positive response of microbial activity to
small rainfall events in semi-arid ecosystems and
frequently observed increases in DOC with soil
wetting events, all soil pools of available and
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microbial C and N would respond positively (increas-
ing in size) to small simulated rainfall events; (2)
across the growing season, the lack of inter-annual
storage of C and N in living B. tectorum biomass
would result in more labile C and N beneath B.
tectorum than perennial grasses; (3) pools of plant and
microbially available soil C and N pools would be
greater beneath senesced versus active plant commu-
nities due to reduced plant uptake and increased litter
inputs; and (4) we would find the most and largest
between-community differences in soil pools when
the phenological difference between these communi-
ties was also greatest.
Methods
To test our hypotheses, we conducted an experiment
in neighboring communities dominated by B. tecto-
rum and native C3–C4 perennial grasses. Three times
during the growing season, we measured the
responses of six soil C and N pools beneath each
community to small artificial rainfall events: ammo-
nium and nitrate, the primary forms plant-available N;
dissolved organic C (DOC) and N (DON), the
primary substrates for microbial growth (and perhaps
available to plants; Jones et al. 2005, Harrison et al.
2008); and microbial C and N, the “pool” responsible
for C and N mineralization.
Site selection and experimental design
We conducted this experiment in the semi-arid
ponderosa pine-grassland ecotone of the Rocky
Mountains foothills in Horsetooth Mountain Park
(HTMP; 40º N, 105º W; Larimer County Parks,
Colorado). Mean annual precipitation is 430 mm
and mean annual temperature is 8.5°C (NCDC 2005).
Soils at all sites are of the Ratake-Rock outcrop
complex (Soil Survey Staff 2007). Soils in this
complex are well drained, shallow rocky loams with
very low water holding capacity (Soil Survey Staff
2007). Beginning in the late 1800s, the land within
HTMP was used for recreation, timber harvesting,
grazing, and farming (LCPOL 2006). After its
establishment as a park in 1982, land within HTMP
was set aside for recreation, although some grazing
continued until 1994 (LCPOL 2006). Little informa-
tion exists regarding the invasion and spread of B.
tectorum in the park, but B. tectorum was abundant
and acknowledged as a conservation risk in HTMP by
1999 (LCPOL 2006, CHNP 1999).
Within HTMP, we randomly selected 4 sites from
all south-facing areas that contained a mix of native
C3 and C4 grasses and were free of B. tectorum, as
well as adjacent areas dominated by B. tectorum.
Native plots were dominated by a mixture of the
native perennial grasses Stipa comata, Stipa robusta,
Andropogon gerardii, Bouteloua gracilis, and Boute-
loua curtipendula. As determined by the hydrometer
method, all sites had sandy loam soils, with no
significant differences between native and exotic plots
at the four sites in percent sand, silt, or clay content
(paired t-test, all P>0.4). All sites were located within
6 km2, between 1768–1817 m in elevation.
In June, we randomly selected 12 1 m2 plots at
each of the four sites, half in native bunchgrass
vegetation (C3–C4 mix) and half in areas dominated
by B. tectorum (>80% of plant cover). Two plots from
each vegetation type were each randomly assigned to
one of three experiment periods (four plots per
experiment period): June, July, or August 2003.
Within each period, one of the two plots in each
vegetation type was randomly selected as the control.
The other received a 5 mm simulated rainfall event.
We chose an event of this size because events≤5 mm
comprise more than 70% of all rainfall events and
account for approximately 25% of total rainfall in this
ecosystem (NCDC 2005). The specific dates of each
experimental period were selected by choosing a time
period that (1) had been free of significant precipita-
tion for 2 days in June and at least 10 days in July and
August and (2) had a dry weather forecast for the
following 4 days. Because extended precipitation-free
periods are rare in June, the pre-experimental dry
period was much shorter than in July and August
(NCDC 2005).
Experiments began on June 9, July 2, and August
21. There were no natural precipitation events during
the experiment periods. In general, mean temperature
increased and soil moisture decreased from the June
to August experimental periods. Mean air temperature
during the experimental periods in June, July, and
August was 18.3°C, 25.6°C, and 23.6°C. Soil
temperature was measured in July and August, on
days 2–4 of the experiment. Mean soil temperature
increased from 21.7°C in July to 22.8°C in August.
Ambient soil moisture (i.e., in control plots) during
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the experimental periods averaged 9.6% in June,
3.8% in July, and 1.8% in August.
At sunrise on the first day of each experiment, we
applied water to the two treatment plots at each site
with a watering can, being careful to prevent soil
compaction and runoff. Six hours later, and each day
thereafter for 3 days, we collected four soil cores from
each plot (5 cm diameter, 0–5 cm depth). Our
sampling regime resulted in four samples per plot
per day, for a total of 256 samples per sampling
period (768 across all sampling periods). On days 2–4
in June and July, we measured soil temperature in
each of the four soil sampling locations prior to soil
core collection. We transported soil samples to the lab
where they were processed and/or extracted within
6 h of collection. Soils were sieved to remove large
debris and gravel >2 mm and analyzed for gravimetric
water content, extractable inorganic N, extractable
DOC and DON, and microbial biomass C and N by
chloroform fumigation extraction (Brookes et al.
1985). Repeating our measurements daily over 4 days
allowed us incorporate daily variation in these pools
into our analysis (to determine whether the treatment
effects were consistent or changed across days). It
also allowed us to capture the full response of soil
pools to the simulated rainfall event (Fig. 1).
We extracted 20 g subsamples from each core with
100 mL of 0.5 M K2SO4. We fumigated another 20 g
subsample with chloroform for 5 days and extracted it
with 0.5 M K2SO4. Soil-extract mixtures were shaken
for 1 h, filtered, and analyzed for total organic C and
total N using a Shimadzu TOC/TN analyzer (Shi-
madzu, Columbia, MD, USA). Microbial C and N
were calculated using a Kec of 0.45 (Beck et al. 1997)
and a Ken of 0.54 (Brookes et al. 1985). Extractable
DOC was defined as the total organic C of the non-
fumigated extracts. We analyzed non-fumigated
extracts for inorganic N using an Alpkem autoan-
alyzer (Alpkem, College Station, TX). Extractable
DON was calculated as the difference between total
and inorganic N. As with inorganic nutrients, using a
salt solution to remove organic C and N pools from
soils extracts more DOC and DON than does using
water (Sparks 1996, Jones and Willett 2006). How-
ever, DOC and DON pool sizes from 0.5 K2SO4
extracts have been found to be very similar to those
from 2 M KCl extracts (Jones and Willett 2006).
Statistical analysis
Because our hypotheses sought to explain the differ-
ences in soil C and N pools beneath (1) active versus
inactive plant communities and (2) B. tectorum versus
native perennial grass communities, we combined
“month” and “plant community” information into one












































Fig. 1 Percent soil water a by day, averaged across month and
plant community type (n=24; BT=B. tectorum, PG=native
perennial grasses), and b averaged across day and plant activity
(active or inactive), for each plant community and water
treatment. “Active” refers to months during which either plant
community was actively growing; “inactive” refers months
during which either plant community was senesced. For active
BT and inactive PG, n=16 (i.e., 16 values were averaged); for
inactive BT and active PG, n=32. Error bars are ± 1 standard
error
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community combination a unique number (MPC; 6
classes). We then used a mixed model ANOVA with
repeated measures (day), site and plot as random
effects, and water treatment and MPC as fixed effects
(proc MIXED ANOVA, SAS). We performed this
analysis on the average daily size of each C and N
pool in each plot (i.e., the four daily plot samples
were averaged for a total of one value per plot per
day, 64 values per experimental period). We used
Akaike’s Information Criterion, adjusted for small
sample size (AICc), to choose the appropriate
covariance structure for each soil pool (Table 1;
Burnham and Anderson, 2002). We then used
“estimate” statements to compare soil pool sizes
beneath active versus inactive communities (B.
tectorum was active in June and senesced in July
and August; C3–C4 grasses were active June–July and
senesced in August) and beneath B. tectorum versus
perennial grass communities (Proc MIXED, SAS).
These estimate statements also provided estimates of
the mean differences between plant communities and
periods of plant activity. This analysis allowed us to
directly address our predictions that soil pools of C
and N would be (1) greater beneath inactive versus
active plant communities (across plant community
type; rather than merely examining change by month)
and (2) larger beneath B. tectorum than native
perennial grasses.
Statistically significant responses to the water
treatment would indicate that soil C and N pools
were responsive to small rainfall events. If MPC was
statistically significant, we further examined pool size
differences beneath each plant community by month
using estimate statements with a Bonferroni adjust-
ment. If the number or sizes of statistically significant
differences in pool sizes between plant communities
were greatest when the between-community pheno-
logical difference was also the greatest (July), our
hypothesis that plant phenology influences the size of
available and microbial soil C and N pools would be
further supported. We also examined any significant
relationships among water, day, and/or MPC.
We calculated the R2 for each ANOVA with and
without the random effects of site and plot. The
difference between these values indicates the proportion
of the variance due to random (unmeasured) site and
plot effects. The R2 calculated without random effects is
more closely related to the proportion of the variance
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To examine statistically significant patterns, we
calculated the relative effects of water additions, plant
community, and plant activity on C and N pools. We
calculated the water effect by dividing the mean pool
size of the water addition plots by that of the control
plots. We calculated plant community and activity
effects by dividing the mean pool size of B. tectorum
or inactive plant communities by the mean pool size
of native or active plant communities.
Unfortunately, our limited soil temperature data did
not allow us to include this variable in our repeated
measures ANOVA. However, we performed the same
repeated measures ANOVA for soil temperature, and
found that soil temperature did not change signifi-
cantly between plant communities (P>0.05), although
it did change significantly with day (P<0.0001) and
water treatment (P=0.004). Although these results
indicated that soil temperature was correlated with
water treatment, we then performed the repeated
measures ANOVA with soil temperature as a cova-
riate; our analysis of this limited data revealed that the
soil temperature did not significantly affect any soil C
or N pool (in July and Aug, days 2–4). Despite these
results, as a primary driver of soil microbial process-
es, soil temperature should be an important explana-
tory variable for soil C and N pools. Unfortunately,
our limited data do not allow us to test this hypothesis
exhaustively, and, in our current analysis, variation
resulting from changes in temperature (or other
abiotic variables) would be incorporated into the
variable “day”, random site and plot variation, or
unexplained variance.
Because we do not have pre-invasion soil pool
information, our invasion results may be influenced
by pre-invasion plot-level differences. We attempted
to control for such differences by selecting proximate
within-site plots with similar soils, slope, and topog-
raphy, without major rock or shrub components.
Further, it seems unlikely that our results are due to
pre-invasion differences, as soil pools of C and N
(except DON) were not consistently larger beneath B.
tectorum than native perennial grasses but fluctuated
with phenology and month (see Results).
Results
Water additions, plant community and month (MPC),
day, and random site and plot effects explained a large
proportion of the variation in soil C and N pools (R2=
0.47–0.93; Table 1). From 9–26% of the variation in
all soil pools was associated with random effects,
indicating that we did not measure all variables that
control the observed plot and site differences in soil C
and N pools (e.g., temperature or other abiotic
variables; Table 1).
Soil moisture
On average, simulated rainfall events more than
doubled soil water (0–5 cm) on the day of watering
(significant water effect; Fig. 1a). The effect of water
treatments varied by day (significant water by day
interaction; Table 1), with a trend for soils in water
addition plots to start much wetter than control plots
and become drier each day thereafter (Fig. 1a). In
contrast soil moisture in control plots tended to be
lower and vary less (Fig. 1a).
Across all treatments, soil moisture was highest
early in the growing season, when plant communities
were active, and lowest later in the growing season,
when plants were inactive (significant MPC effect;
Fig. 1b). Soil moisture in control (non-water addition)
plots declined linearly with month (R2=0.635, P<
0.0001) and decreased by nearly 60% from active to
inactive periods. Soil moisture was also significantly
higher beneath B. tectorum than perennial grasses in
all months (significant plant community effect;
Table 1; Fig. 1b).
Sensitivity of soil pools to pulse events and soil
moisture
In both plant communities, water additions consis-
tently significantly increased microbial C and N and
significantly reduced DOC by an average of 15%
(Tables 1 & 2). Ammonium and microbial C/N had
more complex responses to water treatments that
varied with month, plant community, and/or day
(significant MPC interactions with water or water
and day; Table 1).
Labile N pools did not respond strongly to water
additions. Soil nitrate and DON did not respond to the
water treatment and the relatively weak effect of
water additions on ammonium was inconsistent
through time and between plant communities (signif-
icant MPC by water effect; Table 1, Fig. 2a). In B.
tectorum stands, the trend was for water additions to
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slightly increase ammonium during active months
(June), but slightly decrease ammonium during
inactive months (July and August; Fig. 2); in native
communities, water additions appeared to have little
or no effect on ammonium regardless of plant activity
level (significant MPC by water effect; Fig. 2a).
In both plant communities, during active and
inactive months, microbial pools of C and N
responded strongly to water additions. Overall, water
additions significantly increased microbial C by an
average of 24% and microbial N by an average of
39% (significant water effect; Table 1). The effect of
the water treatment on microbial pools varied signif-
icantly with day (Table 1). For microbial C and N, the
trend was for water treatments to increase these pools
substantially on day one (30% and 50% increases for
microbial C and N), followed by a daily decrease in
microbial C and N to control plot levels by day four
(this trend was significant for microbial N, but was
only marginally significant for C; Table 1; Fig. 3).
The effect of water on microbial C/N ratios varied
through time with day and month and with plant
community (significant water by MPC by day effect;
























































Fig. 3 Microbial biomass a carbon (C) and b nitrogen (N) by day, averaged across plant community and all months (for all means, n=


























































Fig. 2 Mean ammonium nitrogen (N) beneath B. tectorum
(BT) and perennial grass communities (PG; error bars are ± 1
SE) a by water treatment (control or addition) and month (n=
16 for all means) and b water treatment and plant activity
(active or inactive; n=16 for active BT and inactive PG; n=32
for inactive BT and active PG)
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were high and all plant communities and water
treatments tended to have low daily C/N ratios; water
additions appeared to have no consistent effect on
microbial C/N (Fig. 4a). When soils were dry in July
and August, water additions tended to decrease
microbial C/N across plant communities by an
average of 70% on day one (Fig. 4b, c). Microbial
C/N then tended to increase daily in each plant
community, but at varying rates, as soils dried
(Fig. 4b, c).
Within both water treatments, microbial pools were
very responsive to soil moisture. Over the entire
sampling period, percent soil water explained 45.4%,
61.5%, and 49.5% of the variation in microbial C, N,
and C/N (respectively; P<0.05; linear regressions).
Microbial C and N increased, and C/N decreased,
significantly with increasing soil water, while other
soil C and N pools were much less responsive.
Correlations between soil moisture and nitrate,
DON, and DOC were significant, but explained<3%
of the variation in these data. Ammonium was not
significantly correlated with percent soil water.
Plant community and soil pools of C and N
All soil C and N pools were significantly larger
beneath B. tectorum than native perennial C3–C4
grass communities (Tables 1 and 2). Averaged over
plant activity and water treatment, ammonium, nitrate,
DOC, and DON were 47–89% larger beneath B.
tectorum than native communities. Microbial C and N
were 37% and 54% larger beneath B. tectorum than
native communities. Regardless of plant community,
activity, or water treatment, DON made up a large
fraction of extractable N (Table 2). Excluding
microbial N, DON was 88% of extractable N.
Microbial C and N pools were 2 to 3.5 times larger
than DOC and DON pools.
However, during inactive months, the effect of
plant community on ammonium tended to be reduced
by the water treatment (significant MPC by water
interaction; Table 1). Water additions during inactive
months appeared to have little effect on ammonium
beneath native grasses, but had small negative effects
on ammonium beneath B. tectorum, resulting in
similar levels of ammonium beneath native and B.
tectorum water addition plots (Fig. 2).
Microbial C/N ratios tended to be lower beneath B.
tectorum stands than perennial grass communities, but
again, in June when soils were moist and C/N ratios
low, plant community appeared to have no consistent
effect in either water treatment (significant MPC by
water by day interaction; Fig. 4a). In July and August,
daily C/N ratios in both water treatments tended to be
either equal or lower beneath B. tectorum than
beneath native perennial grasses (Fig. 4b, c).
All soil C and N pools had a significant interaction
between MPC and day (Table 1). On each day within
each month, ammonium, nitrate, DOC, and microbial
C and N pools beneath B. tectorum stands tended to
be larger than or equal to soil pools beneath native
communities. DON pools always appeared larger
beneath B. tectorum than native grass, but the size
of the difference varied daily. All other soil pools
appeared equal beneath the two communities on only
one (ammonium and microbial C and N) or two
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Day
Fig. 4 Average microbial biomass C/N ratio each day by plant community (B. tectorum, BT, or perennial grass community, PG) and
water treatment (n=4) in a June, b July, and c August
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Plant community activity and soil pools of C and N
All soil pools of available C and N were greater when
plant communities were inactive than when they were
active (Tables 1 and 2). Nitrate pools were more than
three times larger after senescence than during periods
of active plant growth (Table 2). After senescence,
ammonium, DOC, and DON pools increased by 28–
63% (Table 2). However, as described previously, in
B. tectorum communities, the contrasting effect of
water additions on ammonium during active versus
inactive periods resulted in a negligible plant activity
effect in B. tectorum water addition plots (MPC by
water interaction; Fig. 2b).
In contrast, microbial C and N decreased by 27%
and 42% during months when native grasses or B.
tectorum were inactive (Tables 1 and 2). At the same
time, microbial C/N ratios increased from an average
of 7 to an average of 10 after senescence (Tables 1
and 2).
All soil pools of C and N varied significantly with
month and plant community (MPC; Table 1). The size
of the between-community difference was not always
greatest during the month of greatest phenological
difference (July); only nitrate, DON, and microbial C/
N ratios showed the largest differences in July
(Table 3). However, we did find the greatest number
of statistically significant between-community differ-
ences during this period: all soil pools were signifi-
cantly larger beneath B. tectorum than perennial
grasses in July (Table 3). In June, only DOC, DON,
and microbial C and N pools were significantly larger
beneath B. tectorum than perennial grasses. In
August, only nitrate, ammonium, and DON were
significantly larger beneath B. tectorum than perennial
grasses.
Discussion
Sensitivity of soil pools to pulse events
Microbial pools responded strongly to water additions
while labile pools of soil C and N responded only
weakly, or not at all. As we expected, microbial C and
N increased, and C/N ratios decreased, with water
additions and percent soil water, confirming that
microbial pools in this ecosystem, as in other arid
and semi-arid ecosystems, are strongly water limited
(Austin et al. 2004, Ford et al. 2007). Given that
bacteria have lower C/N ratios (∼ 4) than fungi (∼ 10),
our results suggest that small rainfall events may
increase the bacterial to fungal ratio of the microbial
community (Sterner and Elser 2002). Alternatively,
water additions may lower C/N ratios by increasing
microbial substrate N availability and uptake (Killham
1994, Zak et al. 1999, Sterner and Elser 2002). As soils
dried after water treatments, microbial C and N
decreased and C/N ratios increased. Again, the
increasing C/N ratios may be a result of changing
community composition and/or reduced access to N as
soils dry and soil water films contract (Sterner and
Elser 2002, Ford et al. 2007).
We expected that our simulated rainfall event
would increase DOC due to increased organic matter
leaching, breakup of soil aggregates, or release of
labile C from dead or previously dry, live micro-
organisms (Bottner 1985, Halverson et al. 2000,
Fierer and Schimel 2003, Austin et al. 2004). Instead,
water additions decreased DOC by an average of
15%. At the same time, water increased microbial
biomass by an average of 30%, suggesting that DOC
declines could be related to coincident microbial
growth. On average, water additions decreased DOC
Table 3 Estimated mean differences between soil pools beneath B. tectorum and native grass communities by month (ANOVA
estimate statement). Negative values indicate that pools were larger (or values were greater) under native versus B. tectorum
communities. Positive values indicate that pools were larger under B. tectorum than native communities. Bold values indicate
Bonferroni adjusted significant differences between plant communities. NO3
−N=nitrate nitrogen (N). NH4
+ N=ammonium N. DOC=




+ N DOC DON MBC MBN MB C/N
g N m−2 g N m−2 g C m−2 g N m−2 g C m−2 g N m−2
June 0.006 0.008 2.071 0.215 5.131 0.903 −0.079
July 0.038 0.011 1.426 0.217 2.751 0.681 −2.335
August 0.033 0.011 1.055 0.197 1.080 0.198 −1.316
sti ate mean dif erences betwe n soil pools ben ath
B. tectorum and native rass commun ties by month (ANOVA
estimate statement). Negative values indicate that pools w e
larger ( r v lue were greater) under native versus B. te torum
communities. Positive values indicate that p ols were larger
under B. tectorum than native communities. Bold values indicate
Bonferroni adjusted significant differenc etween plant com-
munities. NO3
−N=nitrate nitrogen (N). NH4
+ N=ammonium N.
DOC=dissolved orga ic carb n (C). DON=dissolved organ N.
MBC=microbial biomass C. MB =microbial biomass MB C/
N=microbial biomass C/N ratio
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by 0.65 g C m−2 while microbial biomass increased
by approximately 2 g C m−2, suggesting that water
additions may release DOC from organic matter, but
that water-induced C uptake by microbes is likely
larger than any concurrent DOC increase.
Contrary to our expectations, pools of available N
responded weakly (ammonium) or not at all (nitrate
and DON) to simulated small rainfall events. This
lack of responsiveness may reflect the inability of
plants to utilize events of this size for inorganic N
uptake (Schwinning and Sala 2004). Alternatively, it
may reflect essentially balanced fluxes of N mineral-
ization and plant/microbial N uptake. The relatively
large increase in microbial biomass N (0.45 g N m−2)
suggests that microbial N uptake may have “swamped
out” any water-induced changes in the processes that
produce DON, ammonium, and nitrate, resulting in no
overall change in these N pools on a daily time scale
(e.g., extracellular enzyme activity and mineralization).
With the exception of ammonium, water additions
had similar effects on soil C and N pools in both plant
communities suggesting that B. tectorum invasion does
not change the response of microbial and most labile
pools to small rainfall events. However, our results
suggest that B. tectorum invasion may increase the
responsiveness of ammonium to small rainfall events,
increasing soil ammonium during active periods and
decreasing it after senescence. Overall, our results are
consistent with research that suggests microbial com-
munities respond quickly to small rainfall events
(Austin et al. 2004, Schwinning and Sala 2004).
Changing phenology and life span: Bromus tectorum
effects on soil resource pools
Across the growing season, all labile and microbial
pools of C and N were larger beneath B. tectorum
than perennial grasses, suggesting that the replace-
ment of a perennial by annual community increases
the size of these pools. Microbial C/N ratios were
lower beneath B. tectorum than perennial grasses.
High quality substrates generally produce low fungal/
bacterial ratios (Bossuyt et al. 2001). The larger labile
N pools we found beneath B. tectorum suggest that
microbes had access to higher quality substrates,
which could produce communities with lower fun-
gal/bacterial ratios or fungal communities with lower
C/N ratios (Sterner and Elser 2002). Belnap et al.
(2005) found more active bacteria and less fungal
richness in soils beneath B. tectorum than perennial
grasses.
An unexpected result was that DON made up nearly
90% of the extractable N pool. Even if only 10% of
DON is labile (Jones et al. 2004), it would still make
up 45% of available N (where available N is all
mineral N plus 10% of DON). Water induced declines
in DON (although not statistically significant) and
increases in microbial N (and decreases in C/N
ratios), suggest that at least a small fraction of DON
is available to microbes or plants on this time scale.
Soil pools of C and N changed seasonally and in
response to plant activity levels. As we expected, all
labile C and N pools increased after senescence, likely
due to reduced plant uptake and increased litter
inputs. Since ammonium and nitrate are the forms of
N most available to plants, it is likely that post-
senescence increases were associated with reduced
plant uptake. DOC and DON most likely increased
due to post-senescence litter inputs.
Research indicates that inorganic N and DOC
accumulate during dry periods (Fisher et al. 1987,
Edmonds 2004, Welter et al. 2005); we also found
inorganic N, DOC, and DON to increase from June to
August (active to inactive periods). In this ecosystem,
July and August are hot and dry (NCDC 2005). While
the accumulation of C and N during post-senescent
dry periods was likely a response to decreased plant
uptake and increased litter inputs, it may have also
been associated with the accumulation of inorganic N
from dry deposition (Fenn et al. 2003), limited
microbial C and N mineralization (Fisher et al. 1987),
and photochemical litter decomposition (Austin and
Vivanco 2006, Brandt et al. 2007).
In contrast, microbial C and N decreased during
inactive periods, while C/N ratios increased. This semi-
arid ecosystem becomes increasingly hot and dry from
June to August, a trend evidenced by decreasing soil
water in control soils over the same period. Microbial C
and N increased, and C/N ratios decreased, strongly in
response to our water treatment and with increasing
percent soil moisture. Thus, microbial pools were likely
responding to changes in soil water rather than plant
activity. The remaining soil pools were not strongly
affected by soil water content, suggesting that plant
phenology (uptake and/or litter inputs) was the primary
influence on the size of these pools.
While C and N pools were larger beneath B.
tectorum than perennial grasses overall, for all pools
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but DON, this was not true within all months.
Although the size of the between-community differ-
ence in soil pools was not always largest when the
between-community phenological difference was
greatest (July), we did find the largest number of
statistically significant differences during this time,
further supporting a strong role for phenology and
plant life span in controlling soil pools of C and N.
Examining how nutrient pools beneath these plant
communities interacted with time did shed light on
previous, disparate results regarding the effects of B.
tectorum invasion of perennial grasslands. Our overall
results of larger pools of inorganic N beneath B.
tectorum versus perennial grasses were consistent
with two other multiple-measurement studies that also
found higher levels of inorganic N beneath B. tectorum
than perennial grasses (Booth et al. 2003b, Sperry et al.
2006). However, three single year studies in Utah
found largely similar inorganic N levels beneath B.
tectorum and perennial grasses (Evans et al. 2001,
Miller et al. 2006, Hooker et al. 2008). Unlike
Colorado’s Front Range, in Utah, B. tectorum invades
areas dominated by N fixing biological soil crusts.
Invasion may therefore reduce N input and conserva-
tion by reducing the cover of these crusts (Belnap et al.
2006). Another study, conducted 1 day per month for
three months in 2 years found no difference in
inorganic N beneath B. tectorum and perennial grasses,
a contrasting result that could be due to failure of this
study to capture daily variation or variation in soil
water availability (Svejcar and Sheley 2001).
Consistent with the results of Booth et al. (2003b)
and Belnap and Phillips (2001), we found similar
levels of inorganic N pools beneath both plant
communities in mid-to late-spring (June). Early spring
studies have found lower inorganic N levels beneath
B. tectorum than perennial grasses (Evans et al. 2001
and Rimer and Evans 2006 at the same site), likely
due to early spring draw down of soil resources by B.
tectorum, which develops roots extensively during the
fall and early spring and becomes active earlier than
many native perennial species (Harris 1967, Kremer
and Running 1996, Booth et al. 2003a). In July and
August, inorganic N pools were larger beneath B.
tectorum than perennial grasses, supporting our
hypothesis that B. tectorum senescence increased
available N pools, and thus likely increased N
availability, by reducing plant uptake and releasing
all biomass N. Most B. tectorum studies have also
found more inorganic N beneath post-senescent B.
tectorum than beneath perennial communities (Bolton
et al. 1993, Booth et al. 2003b, Saetre and Stark 2005;
but see Norton et al. 2008 who found more nitrate and
faster N cycling, but less ammonium, beneath B.
tectorum than perennial grasses).
Much less information exists regarding the effects
of B. tectorum invasion on pools of microbial
biomass, DOC, and DON, although Bolton et al.
(1993) found larger winter pools of microbial biomass
beneath B. tectorum than perennial grasses—a period
of time not covered in our study. Norton et al. (2008)
found less DOC and DON beneath B. tectorum than
perennial grasses in August, results that contrast
somewhat with our findings that B. tectorum invasion
increased DON across the growing season, but only
increased DOC beneath B. tectorum versus perennial
grasses in June and July (DOC was similar beneath
both communities in August).
Although our analysis did not control for all of the
important drivers of microbial processes (e.g., soil
temperature), our results suggest strong roles for plant
life span, phenology, and water in controlling soil
pools of C and N. Changes in life span, or the lack of
inter-annual nutrient storage in annual communities,
likely resulted in the larger soil pools of labile C and
N we observed beneath annual versus perennial
communities. Labile C and N pools appeared most
influenced by phenological patterns of plant uptake
and litter deposition, while microbial pools were
strongly affected by soil water content.
Our results suggest that replacing perennial grass
communities with B. tectorum could have important
effects on nutrient dynamics and community compo-
sition. Inorganic N was higher under B. tectorum than
native plants, especially after senescence. As inorgan-
ic N levels increase, B. tectorum becomes a better
competitor against native species such as Bouteloua
gracilis (Lowe et al. 2003) and elevated mineral N
has been found to increase the success of B. tectorum
if other resources are not limiting (Paschke et al.
2000, Adair et al. 2008). In this way, B. tectorum
could facilitate its own spread and domination of
plant communities. Alternatively, high inorganic N
levels beneath stands of senesced B. tectorum,
combined with B. tectorum induced increases in N
cycling (e.g., Norton et al. 2008), could result in
increased N losses through gaseous losses (Peterjohn
and Schlesinger 1990, Davidson et al. 1993, Hungate
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et al. 1997, Norton et al. 2008) or leaching and
erosion during large, intense late season rainfall
events (Loik et al. 2004, Welter et al. 2005). Although
relatively large (>15 mm), late-season events are
common in this ecosystem (1–2 mo−1 yr−1; NCDC
2005), climate change-predicted increases in the
occurrence of large, intense precipitation events
(Gordon et al. 1992, Easterling et al. 2000, IPCC
2001) could exacerbate losses of labile N in B.
tectorum dominated communities.
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